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While the hippocampal formation and the prefrontal cortex each have a well-established role in
cognitive and mnemonic processes, the extent and manner in which these structures interact to
achieve these functions has not been fully delineated. Recent research in rodents compellingly
supports the idea that the projection of neurons extending from the CA1 region of the hippocampus
and from the subiculum to the prefrontal cortex, referred to here as the H-PFC pathway, is critically
involved in aspects of cognition related to executive function and to emotional regulation.
Concurrently, it is becoming evident that persons suffering from schizophrenia, depression, and
post-traumatic stress disorder display structural anomalies and aberrant functional coupling within
the hippocampal–prefrontal circuit. Considering that these disorders involve varying degrees of
cognitive impairment and emotional dysregulation, dysfunction in the H-PFC pathway might
therefore be the common element of their pathophysiology. This overlap might also be intertwined
with the pathway’s evident susceptibility to stress and with its relationship to the amygdala. In
consequence, the H-PFC pathway is a potentially crucial element of the pathophysiology of several
psychiatric diseases, and it offers a speciﬁc target for therapeutic intervention, which is consistent
with the recent emphasis on reframing psychiatric diseases in terms of brain circuits.
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Rarely is a symptom exclusive to a speciﬁc psychiatric
disorder. Indeed, seemingly distinct disorders can have
overlapping symptoms, which typically vary over time and
according to the disease severity. Cognitive impairment, for
example, is a major cause of disability in schizophrenia, but
also emerges in depression and in anxiety disorders (Elvevag
and Goldberg, 2000; Mantella et al., 2007; Porter et al.,
2003). Emotional dysregulation is central to depression and
to anxiety disorders, yet it also emerges in schizophrenia
(Braga et al., 2005). There is also substantial comorbidity
between these disorders (Braga et al., 2005; Kaufman and
Charney, 2000), and there is abundant evidence for a shared
genetic basis, as well as shared risk factors that inﬂuence
hippocampal–prefrontal interaction (Esslinger et al., 2009;
Rasetti et al., 2011). Recently, the National Institute of
Mental Health (NIMH) has made a push to classify mental
disorders in relation to dysfunction in the relevant brain
circuits (Insel et al., 2010). Thus, while mental disorders
surely have complex pathophysiology, it is possible that the
similarity in symptoms is the consequence of disruption in
common brain circuits.
The hippocampus and subiculum are implicated in
diverse functions, including spatial and contextual proces-
sing, memory, and emotional processing (Fanselow and
Dong, 2010; O’Mara et al., 2009). The prefrontal cortex
(PFC) participates in numerous cognitive functions that
serve executive function, including working memory, tem-
poral processing, decision making, ﬂexibility and goal-
oriented behavior (Kesner and Churchwell, 2011). Recent
experimental ﬁndings in animals have begun to elucidate
the manner in which the hippocampus inﬂuences the
activation of ensembles of neurons in the PFC during such
behaviors. These electrophysiological observations are
consistent with a wider body of evidence that implicates
hippocampal–prefrontal interaction in aspects of executive
functioning. In parallel, the analysis of functional imaging
data in people suffering from different psychiatric dis-
orders has revealed marked aberrations in the structure,activation, and functional coupling in the hippocampal–PFC
circuit.
A projection of neurons termed the hippocampal-to-PFC
pathway (H-PFC pathway) comprises the major efferent
anatomical connection from hippocampal formation (deﬁned
here as the hippocampus, prosubiculum, and subiculum) to the
PFC. The activity of this pathway is highly sensitive to stress,
which is a major precipitating factor for symptoms of depres-
sion, schizophrenia and anxiety disorders. The pathway also
has important interactions with the amygdala, and there is
strong evidence in rodents implicating the H-PFC pathway in
aspects of executive function and in contextual processing
that serves emotional regulation. This article reviews pre-
clinical and clinical evidence to argue that the H-PFC pathway
has an important role in functions that appear aberrant in
several psychiatric disorders. Namely, we suggest that the
pathway transmits information which serves working memory
and aspects of learning, as well as contextual processing that
lends to recognition memory and emotional regulation.
Furthermore, genetic factors and stress can dysregulate these
processes and thereby contribute to aberrant functional
coupling between the hippocampal formation and PFC, which
contributes to the deﬁcits in cognition and emotional regula-
tion that are common to an array of psychiatric disorders.2. The H-PFC pathway
2.1. Anatomy
While there are many multi-synaptic routes that can
transmit signals from the hippocampal formation to the
PFC, the H-PFC pathway represents the signiﬁcant mono-
synaptic unidirectional projection between the regions
(Ongur and Price, 2000). A direct cortical input originating
from the hippocampal formation has been well character-
ized in rats and monkeys. In rats, the H-PFC pathway
originates from the CA1 region of the hippocampus and
from the subiculum, with the strongest projections originat-
ing from the ventral hippocampus (VH) and subiculum, but
Figure 1 The H-PFC pathway. (A) Drawing of the human brain from the midsagittal perspective showing the hippocampus (yellow),
amygdala (lavender), and mPFC (light blue). (B) Schematic showing the general connectivity of the hippocampus, amygdala and PFC
in the rat, with the H-PFC pathway projecting from the subiculum and ventral CA1 region of the hippocampus to the PFC. The
neuronal connections are unidirectional and glutamatergic. The ventral hippocampus also has bidirectional connections with
the amygdala, and the amygdala has bidirectional connections with the PFC. (C) Schematic illustrating the principle target regions in
the monkey medial PFC (labeled as Brodmann areas) that are innervated by the H-PFC pathway. (D) Schematic illustrating the
principle target regions in the rat medial PFC that are innervated by the H-PFC pathway. Areas receiving heavy innervation are
shown in blue. Areas with lighter innervation shown in green. ACC, anterior cingulate cortex; Amy, amygdala; CC, corpus callosum;
IL, infralimbic cortex; MO, medial orbital cortex; PL, prelimbic cortex; PFC, prefrontal cortex; VO, ventral orbital cortex. Drawings
in (A), (C), and (D) provided by A.E. Fink. Drawings in (C) and (D) adapted by permission from Macmillan Publishers Ltd: from Wallis,
(2011). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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the hippocampus (IH) (Cenquizca and Swanson, 2007; Jay
and Witter, 1991). The ﬁbers course ipsilaterally through the
ﬁmbria/fornix system before terminating in the infralimbic
(IL), prelimbic (PL), and anterior cingulate (ACC) areas of
the PFC (Cenquizca and Swanson, 2007; Hoover and Vertes,
2007; Jay and Witter, 1991) (Figure 1). A moderately dense
projection also extends to the medial, ventrolateral and
lateral orbital areas (Jay and Witter, 1991; Swanson, 1981),
and a subpopulation of IH pyramidal cells project to the
insular cortex (Verwer et al., 1997). In monkeys, there are
dense projections that originate from the rostral portion of
hippocampal CA1, as well as the prosubiculum and sub-
iculum, that project to orbital and medial regions of the
PFC (omPFC), including areas 11, 12, 13, 14c, 24, 25, and 32
(Barbas and Blatt, 1995; Cavada et al., 2000; Zhong et al.,
2006) (Figure 1). Light projections from the dorsolateral PFC
(dlPFC) (areas 9 and 46) have also been reported (Barbas
and Blatt, 1995; Goldman-Rakic et al., 1984).
To date, ﬁne details of the H-PFC connectivity in humans
is lacking because powerful tract-tracing techniques are
highly invasive and cannot be applied (Parker et al., 2002).Even so, diffusion tensor imaging (DTI) measurements
(which can be used to infer the major axonal projections
in the brains of humans and monkeys) indicate that both
humans and monkeys have ﬁmbria/fornix ﬁbers terminating
in the omPFC (Croxson et al., 2005). Moreover, DTI mea-
surements in monkeys show that hippocampal lesions pro-
duce disruptions in both the ﬁmbria/fornix and in the white
matter integrity of the ventromedial PFC (vmPFC) in
monkeys (Shamy et al., 2011). Together, these results are
consistent with the idea that the H-PFC pathways are quite
similar in humans and monkeys. So, while the precise nature
of the human H-PFC pathway’s connectivity is unresolved, it
clearly resembles other primates (Ongur and Price, 2000).
For this article, the H-PFC pathway refers to the major
projection originating in the hippocampal and subicular
regions that directly innervates the PFC.
Also, it is helpful to bear in mind that understanding the
function of the H-PFC pathway is complicated by cross-
species differences in PFC homology. Indeed, the homology
of different PFC regions has been extensively debated (e.g.,
Conde et al., 1995; Kesner and Churchwell, 2011; Seamans
et al., 2008; Uylings et al., 2003), and there is not a
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monkeys and humans. For example, it has been suggested
that the rat IL and PL correspond to the omPFC and dlPFC in
humans, respectively (Hoover and Vertes, 2007). Other
investigators have likened the IL and PL in rats to the
vmPFC (areas 25 and 32) and dorsal anterior cingulate
cortex (dACC) in humans (Milad et al., 2009, 2007). Other
investigators have likened IL and PL areas to vmPFC and ACC
(areas 12, 13, 14, 24, 25, and 32) (Conde et al., 1995).
Another complicating factor has been that the naming of
PFC subregions has been non-uniform (Ongur and Price,
2000).2.2. Cells, physiology and plasticity
The physiology of the H-PFC pathway has been most
extensively investigated in rodents. The pathway consists
of excitatory glutamatergic pyramidal neurons that termi-
nate with synaptic connections on both principle neurons
(Carr and Sesack, 1996; Jay et al., 1992) and GABAergic
interneurons within the PFC (Gabbott et al., 2002; Tierney
et al., 2004). In the PL, terminal ﬁbers mainly innervate
layers II–IV and layers V and VI in the ventral and dorsal
regions, respectively, and all layers of orbital regions (Jay
and Witter, 1991). Electrical stimulation in the VH produces
short-latency AMPA-receptor mediated excitation in the PL
region (Jay et al., 1992), followed by inhibition of pyramidal
cells (Degenetais et al., 2003), and monosynaptic excitation
of GABAergic interneurons likely contributes to feed-
forward inhibition of these pyramidal neurons (Tierney
et al., 2004).
The H-PFC pathway exhibits activity-dependent synaptic
plasticity including long-term potentiation (LTP), long-term
depression (LTD), and depotentiation (Burette et al., 1997;
Jay et al., 1995; Laroche et al., 1990; Romcy-Pereira and
Pavlides, 2004; Takita et al., 1999), and these changes in
synaptic efﬁcacy have been shown to be bidirectional (Izaki
et al., 2003; Parent et al., 2010). LTP in the pathway is
prevented by NMDA-receptor blockade (Jay et al., 1995) and
it is protein kinase A (PKA)-dependent (Gurden et al., 2000).
Dopaminergic synaptic transmission, mediated by D1-type
receptors, is a key regulator of plasticity in the pathway
(Gurden et al., 2000), while serotonergic, noradrenergic,
and cholinergic neurotransmitter systems are also involved
(Lim et al., 2010; Ohashi et al., 2003; Wang and Yuan,
2009). Plasticity in the pathway is also regulated by
metaplastic effects involving other inputs to the PFC. For
example, high-frequency stimulation of the basolateral
amygdala (BLA), which has reciprocal connections with both
the VH and mPFC, prevents the subsequent induction of LTP
in the H-PFC pathway (Richter-Levin and Maroun, 2010).
3. Understanding the function of the H-PFC
pathway
The hippocampal formation and PFC have long been
ascribed cognitive and mnemonic roles. The hippocampus
is important for long-term memory, contextual and spatial
processing, and emotional processing (Fanselow and Dong,
2010; O’Mara et al., 2009). The PFC is key for aspects ofexecutive function, including working memory, temporal
processing, decision making, ﬂexibility and goal-oriented
behavior (Kesner and Churchwell, 2011). This section describes
evidence from experimental animals that demonstrates a
relationship between the hippocampus and PFC in some of
these functions, with an emphasis on approaches implicating
the H-PFC in the functional coupling of the regions.3.1. Working memory
Working memory is a fundamental operation of cognition
involving the temporary storage and manipulation of infor-
mation that is necessary to perform complex tasks. In a
typical working memory procedure, the organism must hold
information online for a short period of time in order to
successfully complete a goal-oriented task, such as the
spatial information connected to the location of a food
reward that enables maze navigation after a delay.
The PFC (Goldman-Rakic, 1995) and the hippocampus
(Sanderson et al., 2008) each participate in working mem-
ory function. Direct evidence demonstrating that these
brain structures functionally interact during working mem-
ory has come from rodent experiments involving asymmetric
pathway disconnection methods (also called ‘‘crossed
lesions’’). This technique involves compromising the H-PFC
pathway bilaterally by disrupting the hippocampus/subicu-
lum region in one hemisphere and the PFC in the other. By
comparing these animals to unilateral controls, it is possible
to test whether the simultaneous functioning of the two
structures within the same brain hemisphere is necessary
for behavioral performance. The rational for this approach
relies on the fact that the H-PFC pathway is largely
ipsilateral, and that the pathways in each brain hemisphere
serve redundant function.
In a now classic study, Floresco et al. (1997) disconnected
the hippocampus and mPFC (centered in the PL) with
lidocaine inactivation during both a delayed and a non-
delayed version of a win-shift radial arm maze task, in
which successful foraging behavior involved visiting the
previously unvisited arms of a maze to ﬁnd food. Disconnec-
tion disrupted performance in the delayed condition, but
not in the non-delayed condition. These ﬁndings indicate
the hippocampus and mPFC interact in working memory and
in aspects of planning (Floresco et al., 1997), perhaps
especially in situations with increased task demand (Goto
and Grace, 2008a). They also strongly suggest that the
H-PFC pathway serves trial-unique short-term memory.
The VH and mPFC also have displayed synchronous
activity (increased theta-oscillation synchrony) during spa-
tial working memory performance (Benchenane et al., 2010;
Fujisawa and Buzsaki, 2011; Jones and Wilson, 2005), as
well as phase-locking behavior, wherein hippocampal theta
activity slightly preceded the activity of PFC neurons (Siapas
et al., 2005). This synchrony was observed to be maximal at
a 50 ms delay, which suggests, but does not prove, that the
monosynaptic H-PFC pathway plays an important role in
entraining PFC neurons to hippocampal theta (Siapas et al.,
2005). Overall, these observations support the view that the
H-PFC pathway might be critical for the transfer or sharing
of information between the hippocampus and PFC, including
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et al., 1999; Gordon, 2011; Singer, 1999).3.2. Goal-oriented reward learning
In a reward learning procedure organisms learn to perform a
deﬁned response in order to gain access to a reinforcer, such
as a food pellet, and successful performance involves
aspects of cognition and motivation. Many variations of
working memory tasks involve reward learning, and various
evidence supports the view that the hippocampus and mPFC
interact during reward learning. For example, rats given
neonatal VH lesions subsequently displayed neuronal hyper-
activity in the PFC in adulthood. They were also slower to
adjust their behavior after the location of a food reward had
changed position, which likely reﬂects a deﬁcit in cognitive
ﬂexibility (Gruber et al., 2010). Similarly, VH lesions dis-
rupted the occurrence of anticipatory ﬁring patterns
observed in mPFC neurons during a reward task (Burton
et al., 2009). Also, asymmetric pathway disconnection has
been reported to impair the acquisition in a reward learning
task (Izaki et al., 2000).
A particularly compelling example for the functional
interaction between the hippocampus and mPFC during
reward learning has been provided by Benchenane et al.
(2010), who conducted simultaneous recordings of neuron
pairs in the hippocampus and mPFC during a rule learning
maze task. First, they observed that the coherence of
hippocampal and PFC theta-oscillations was maximal
when a rat had acquired a new learning rule and when it
was at the choice point of a maze. Second, these increases
in coherence were accompanied by shifts in PFC neuron
ﬁring, which were manifested by increased synchrony
of ensembles of PFC neurons at the trough of the hippo-
campal theta rhythm. Strikingly, these PFC cell assemblies
synchronized in relation to accurate behavioral perfor-
mance. As was the case for the spatial working memory
(Jones and Wilson, 2005), these ﬁndings are consistent
with the idea that the H-PFC pathway is critically
involved with the information transfer occurring in acquisi-
tion of new learning rules related to goal-oriented reward
learning.3.3. Recognition memory involving spatial or
temporal context
Recognition memory involves making judgments and identi-
fying previously encountered stimuli and it is a component
of cognition. Recognizing whether an object has previously
been encountered within a speciﬁc context (object-in-
place) and identifying which object has been encountered
more recently (temporal-order) are two complex types of
recognition memory. Rodents with asymmetric disconnec-
tion lesions in hippocampus and PFC have shown impair-
ments in these forms of recognition memory, which
implicates the H-PFC pathway in recognition memory that
involves contextual and temporal details for where or when
the stimulus occurred (Barker and Warburton, 2011).3.4. Contextual regulation of fear
Anticipating potential danger and inhibiting fear when threat
has diminished are two highly adaptive functions linked to
emotional regulation. These processes have been extensively
investigated with fear conditioning and extinction procedures
(Fanselow and Poulos, 2005; Herry et al., 2010; Johansen
et al., 2011; Maren, 2001; Milad and Quirk, 2012). Generally,
organisms show defensive behaviors when they encounter a
stimulus that signals danger, such as freezing in response to a
tone that had been previously paired with a footshock. They
can also learn subsequently to inhibit this fear responding
when the tone is repeatedly presented without the aversive
outcome.
The amygdala has a principal role in fear learning and
expression, it is also vital for organizing both motor and
autonomic defensive responses (Hartley and Phelps, 2010;
Johansen et al., 2010; Maren, 2001), and it has a role in
extinction processes (Herry et al., 2008). In the last decade,
a multitude of research on fear extinction has demonstrated
that the interaction between the amygdala and PFC is
critical for extinction processes (Milad and Quirk, 2012;
Sotres-Bayon and Quirk, 2010). Generally, the IL region of
the mPFC appears important for extinction learning and
recall. Evidence supporting this idea includes that IL
neurons show increased spiking during the recall of extinc-
tion learning and electrical stimulation of the IL generates
extinction-like effects (Milad and Quirk, 2002), while the
disruption of IL targets in the amygdala prevents extinction
recall (Falls et al., 1992; Likhtik et al., 2008). Sotres-Bayon
and Quirk (2010) also have emphasized that activity in the
PL correlates with fear expression. This view is supported by
the observations that electrical stimulation of the PL
increases fear behavior (Vidal-Gonzalez et al., 2006), its
chemical inactivation decreases fear behavior (Corcoran
and Quirk, 2007a), and PL neurons show long duration
conditional responses to fear stimuli that correlate with
the behavior (Burgos-Robles et al., 2009). Even so, it has
also been suggested that the PL might be involved with
aspects of contextual memory retrieval (Knapska and
Maren, 2009; Orsini et al., 2011). Given the apparent
differential roles of these regions in fear processing, it is
interesting that the H-PFC pathway projects to both
the IL and PL. At present, the contribution of the pathway
to these different functions in not well delineated.
Direct evidence supporting the pathway’s role in extinction
includes the observations that fear extinction training
led to a potentiation in evoked potentials recorded in the
PFC, while LFS delivered to the VH both disrupted the
potentiation and prevented extinction recall (Garcia et al.,
2008). Sotres-Bayon et al. have also recently demonstrated
that chemical inactivation of the VH decreased the activity
of interneurons in the PL. Moreover, VH inactivation selec-
tivity increased fear behavior and PL pyramidal neuron
activity in fear extinguished rats, compared to non-
extinguished animals (Sotres-Bayon et al., 2012). Collec-
tively, these data support the model that the H-PFC path-
way regulates PFC activity and function by modulating
interneuron-mediated inhibition of pyramidal neurons in
the PL.
The hippocampus has a crucial role in contextual proces-
sing (Fanselow, 2000), and neurons in the mPFC also can
B.P. Godsil et al.1170discriminate between different contexts (Hyman et al.,
2012). An important property of fear extinction is that fear
inhibition is context dependent, with organisms showing
more effective fear inhibition in the extinction context (the
physical environment in which extinction training was
conducted) (Bouton et al., 2006). This context-speciﬁc
expression of fear is referred to as fear renewal with
organisms showing ‘‘renewed’’ fear to an extinguished fear
cue when it is presented outside the extinction context.
Inactivation of the VH (Hobin et al., 2006) and asymmetric
disconnection lesions of the H-PFC pathway (with unilateral
lesions targeting the VH in one hemisphere and the PL in the
other) (Orsini et al., 2011) have been shown to disrupt fear
renewal. These and other observations support the idea
that the H-PFC pathway is critically involved with context-
speciﬁc gating of extinction (Corcoran and Quirk, 2007b; Ji
and Maren, 2007) whereby the pathway might transmit
contextual information from the hippocampus to the PFC,
which allows a rat to assess the degree of danger to an
extinguished fear stimulus. Such signaling could serve to
inform the mPFC as to whether it should inhibit fear
responding via the amygdala.
Finally, it is also worth noting that the hippocampus and
PFC show increased theta-frequency coherence in anxio-
genic environments (Adhikari et al., 2010). Also, PFC
neurons exhibiting high task-related activity have also been
observed to display the strongest coupling with hippocampal
theta (Adhikari et al., 2011). Thus, similar to the examples
of working memory and reward learning, the H-PFC pathway
might mediate increases in synchrony between the hippo-
campus and PFC that serve emotional processing related to
fear and anxiety.4. The H-PFC pathway and the broader
corticolimbic network
In the previous section we argued that the H-PFC pathway
serves working memory, learning, and contextual processing
that lends to recognition memory and emotional regulation.
The neuronal mechanism serving these functions is not yet
clear, but it could depend on (a) the pathway’s regulation of
the PFC via interneuron-mediated inhibition of pyramidal
neurons in the PL (Sotres-Bayon et al., 2012), (b) the
pathway’s entrainment of PFC neurons to hippocampal
theta (Benchenane et al., 2010), and/or (c) synaptic plas-
ticity (Garcia et al., 2008; Jay et al., 1995). Yet, the PFC
also receives inputs from widespread brain regions, includ-
ing the thalamus, amygdala, and nucleus accumbens (NA)
(Hoover and Vertes, 2007). As connectivity is a key deter-
minant of functional relationships in the brain, it is also
important to consider the H-PFC’s role in the broader
corticolimbic network.
Both the hippocampus and mPFC are reciprocally con-
nected with the amygdala. Some neurons in the VH project
to both the BLA and mPFC (Ishikawa and Nakamura, 2006),
and single neurons in the mPFC receive convergent input
from both the BLA and VH (Ishikawa and Nakamura, 2003).
Manipulations of the BLA also produce metaplasticity that
inﬂuences LTP in the H-PFC pathway (Richter-Levin and
Maroun, 2010), and the timing of activation of the VH and
BLA has a strong inﬂuence on the ﬁring probability of mPFCneurons (Ishikawa and Nakamura, 2003). Together, these
anatomical and physiological features are consistent with a
wide range of data demonstrating that the functions of
these three brain regions are intertwined (e.g., Kalisch
et al., 2006; Milad et al., 2007; Orsini et al., 2011; Sotres-
Bayon and Quirk, 2010; Sotres-Bayon et al., 2012). One idea
has been that the hippocampus provides contextual infor-
mation that informs the mPFC’s inhibitory control over the
amygdala (Corcoran and Quirk, 2007b; Ji and Maren, 2007).
Emotional dysfunctions are at the core of major depression
and PTSD, while schizophrenia is strongly associated with
deﬁcits in emotional cognition (Brown et al., 2012; Liberzon
and Sripada, 2008; Mayberg, 1997). Overall, given the
amygdala’s prominent role in emotional processing, it might
be that the interrelation of the H-PFC pathway and amyg-
dala provides a unique interface that unites aspects of
cognition, memory, and executive function with elements of
emotional regulation (Figure 3).
Much progress has been made with understanding the
functional interrelations between the VH, PFC, and NA in
the context of goal-directed behavior. Inputs from the VH
and PFC converge on single neurons in the NA (French and
Totterdell, 2002), which provides the ediﬁce for synaptic
integration that might serve to gate the occurrence of goal-
directed behavior (Goto and Grace, 2008b; O’Donnell and
Grace, 1995). According to this view, the coincident activa-
tion of inputs to the NA drives goal-directed behaviors, and
the learning and synaptic plasticity that occur with experi-
ence increase the probability that an organism will perform
a well-learned response pattern. Dopamine action also has a
potent neuromodulatory actions on glutamatergic afferents
to the NA (Grace et al., 2007). Thus, dopamine critically
inﬂuences synaptic integration in the NA and dysregulation
of this network has implications for both the pathophysiol-
ogy of drug addiction and schizophrenia (Belujon and Grace,
2011; Goto and Grace, 2008b; Grace et al., 2007; Li and
Sinha, 2008; Lodge and Grace, 2011).
Signiﬁcant progress has also been made with elucidating
the network serving probabilistic choice behavior. Using a
combination of behavioral, neuroanatomical, and asym-
metric disconnection techniques, Floresco et al. have con-
trasted the role of the PFC, NA and BLA in risky choices,
in situations where rats can choose between a large, yet
uncertain reward contingency and a small, but certain
reward contingency. Disruption of the BLA, the NA core
(NAc), or disruption of their ability to communicate reduced
the bias for choosing the large, risky option (Ghods-Shariﬁ
et al., 2009; St Onge et al., 2012; Stopper and Floresco,
2011). In contrast, disrupting communication between the
BLA and PFC increased the selection of large, risky rewards
(St Onge et al., 2012). Further, bearing in mind that the PFC
and BLA have bidirectional connections, these authors also
contrasted the effects of the ascending and descending
pathways between the regions. Only disruption of the
descending pathway (PFC-to-BLA) increased choice for
large, risky rewards. Overall, these ﬁndings suggest that
the BLA and NAc participate in an organism’s bias for risky
options, while PFC–BLA pathway tracks actions and out-
comes, and regulates the tendency to select risky rewards.
These results also demonstrate how it is possible to
dissociate different aspects of decision making within the
interconnected circuits (St Onge et al., 2012).
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thalamo-PFC coupling in the action of antipsychotic drugs
(Artigas, 2010; Celada et al., 2008).The NMDA antagonist
phencyclidine (PCP), which is administered to model
schizophrenia, reduced delta oscillations between these
structures, an effect that is reversed by clozapine. PCP
also markedly increased c-fos expression in glutamatergic
neurons within prefrontal, somatosensory, retrosplenial,
entorhinal cortices and in thalamic nuclei (Santana et al.,
2011). Additionally, both chemical inhibition of the thala-
mus and systemic treatment with the NMDA receptor
antagonist MK801 produced similar modulations of oscilla-
tory activity between the structures (Kiss et al., 2011),
while administration of the AMPAkine LY451395 reversed
these changes.
While these examples incompletely describe the known
functions of the broader cortical limbic network, they do
demonstrate that different functions within the network are
dissociable. In our analysis, the H-PFC pathway serves
working memory, learning, and contextual processing that
lends to recognition memory and emotional regulation. We
do not regard these to be the pathway’s exclusive functions,
nor do contend that the pathway is isolated from the
broader network. Instead, we argue that the pathway is
especially important for these functions, similar in the way
that the amygdala is considered to have a chief role in
emotional processing. Further below we will describe what
is known about the H-PFC pathway’s susceptibility to stress.
In our view, the H-PFC might be regarded as the ‘‘weak
link’’ in the corticolimbic network owing to this vulner-
ability. Alternatively, it could be that different brain regions
have fundamentally different responses to stress (Caudal
et al., 2010; Lakshminarasimhan and Chattarji, 2012; Vyas
et al., 2002), and the disruptions in synaptic plasticity
observed in the PFC after stress are part of a larger shift
in network dynamics, which suggests that targeting of
circuit imbalances will be critical for the development of
therapeutic strategies.
5. Evidence for a functional relationship
between the hippocampus and prefrontal
cortex in humans
Much of our understanding of the H-PFC pathway in animals
comes from highly invasive experimental methodologies,
involving brain lesions and implanted electrodes. Yet, while
under normal conditions, single-unit recordings are impos-
sible in humans, occasional direct comparisons can be made
between neurophysiological processes in humans and rodents.
Recently, Anderson et al. studied theta-oscillation coherence
with implanted electrodes in epilepsy patients. They observed
increased theta-oscillation coherence between signals mea-
sured from electrodes placed in the medial temporal lobe
(MTL) and PFC during memory recall (Anderson et al., 2010).
They also reported higher information ﬂow from the MTL to
the PFC during memory recall. Bearing in mind that the
hippocampal formation is nested within the MTL and that
these measurements relied on LFPs, Anderson’s results demon-
strate synchronous activity between these regions in humans
during a memory-relevant task, which nicely ﬁts the results
from rats.In another recent study, EEG analysis of theta-oscillation
power was increased in the mPFC during a temporal-order
working memory task (Hsieh et al., 2011). These results are
consistent with a wider body of evidence demonstrating
working memory impairments in human patients with
lesions in the PFC (Muller and Knight, 2006), including tasks
probing for temporal-order information (Shimamura et al.,
1990) and contextual information (Janowsky et al., 1989).
Also in agreement with animal studies, functional neuroi-
maging methods have provided evidence for hippocampal–
prefrontal functional interaction (Figure 2). In the case of
fear-relevant tasks, humans show coordinated context-
dependent hippocampal–prefrontal activity during the recall
of fear extinction memory (Kalisch et al., 2006; Milad et al.,
2007) (Figure 2B). The mPFC also has been observed to
respond differentially to a cue that signaled safety compared
to another safety cue that had previously signaled danger
(Schiller et al., 2008), and both the mPFC and hippocampus
showed activation while the participant was anticipating distal
threats, compared to proximal threats (Mobbs et al., 2009).
Together, these ﬁndings show the hippocampus-prefrontal
regions are engaged in situations that involve emotional
regulation related to fear, perhaps especially in ambiguous
situations where the assessment of the degree of danger
requires the use of spatial or temporal contextual information.
Both the hippocampus and PFC have been implicated in
cognitive reappraisal strategies of emotional regulation
(Hartley and Phelps, 2010; Hayes et al., 2010), in which
the effortful reappraisal of a negative emotional scene
reduces negative affect. Use of such cognitive appraisal
with has been correlated with increased activation in the
dorsolateral and ventrolateral PFC and decreased activity in
the amygdala. Because neither of these regions have direct
connections with the amygdala, it has been suggested that
they communicate reappraisal information via the mPFC
(Hartley and Phelps, 2010).
Finally, by measuring brain activity during undirected
behavior researchers have deﬁned a set of regions that are
referred to as the brain’s default network. The correlated
activity in the default network emerges when a person is
not focused on the external environment, but they are
instead engaged with spontaneous cognition. During these
periods the default network areas have shown a high degree
of functional coupling. The hippocampus and mPFC are
components of the default network. Thus, they are believed
to participate in constructing self-relevant mental simula-
tions that serve a wide array of functions, including
remembering, thinking about the future, and inferring the
perspectives and thoughts of other people (Buckner et al.,
2008). In essence, the default network provides a measure
of normal brain activation during self-relevant thinking.
That the hippocampus and mPFC show functional coupling
at rest suggests they mutually contribute to a wide array of
cognitive processes, which are perturbed in several psy-
chiatric diseases (see below).6. Modeling pathophysiology in the H-PFC
pathway
Psychological stress is an inﬂuential modulator of human
health and chronic or traumatic stressors can precipitate
Figure 2 Examples of putative hippocampal–prefrontal functional interaction in humans (A) Participants in a prospective functional
magnetic resonance imaging study of declarative memory consolidation were asked to memorize a collection of photographs of
various landscapes. Recognition of these photographs was then probed during test sessions conducted the same day, 1 day, 1 month,
or 3 months later. Patterns of brain activation show an increase in mPFC activity and a decline in hippocampal activity associated
with conﬁdent recall of visual recognition memory (Takashima et al., 2006). (B) Participants in a fear extinction study show a strong
correlation between the activation of the mPFC and the hippocampus during the context-dependent recall of extinction memory
(Kalisch et al., 2006). (C) Decreased cerebral glucose metabolism in the mPFC of depressed patients following placebo challenge
(Kegeles et al., 2003). (D) Decreased cerebral blood ﬂow in Cg25 following SSRI treatment (Mayberg et al., 1999). (E) Decreased
cerebral blood ﬂow in the Cg25 region following a 6 month regimen of deep brain stimulation of the white matter underlying Cg25 in
patients with treatment-resistant depression (Mayberg et al., 2005). Copyright of content shown in (A) is held by the National
Academy of Sciences, USA. Content shown in (B) reprinted with permission of Society of Neuroscience, USA. Content shown in (C)
reprinted with permission from the American Journal of Psychiatry, (Copyright 2003). American Psychiatric Association. Content
shown in (D) reprinted with permission from Journal of Clinical Investigation. Content shown in (E) reprinted with permission from
Elsevier (Copyright 2005).
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1999). There is currently strong momentum within
the neuroscience community to elucidate the pathophysiol-
ogy of these problems within speciﬁc brain circuits
(Insel et al., 2010; Ressler and Mayberg, 2007), and the
inﬂuence of stress on neuroplasticity has become an impor-
tant approach for modeling pathophysiology (Pittenger and
Duman, 2008).
Exposure to psychological stress causes short, medium,
and long term changes within the hippocampus and mPFC,
with both the intensity and duration of stress being key
variables. For example, single exposures to mild or moder-
ate stressors can modulate synaptic plasticity (Rocher et al.,
2004) and memory performance (Yuen et al., 2009),
whereas more potent and/or chronic stressors have been
shown to trigger dendritic remodeling (Pittenger and
Duman, 2008), neuron atrophy (Cerqueira et al., 2007;Sheline et al., 1996), as well as reversible disruptions in
PFC processing and attentional control (Liston et al., 2009).
Our group has used stress to model the pathophysiology of
psychiatric disorders within the H-PFC pathway (Spedding
et al., 2005) (Figure 4). In this model a rat undergoes acute
exposure to an elevated platform. Afterwards the effects of
stress exposure are analyzed in the hippocampus, mPFC and
amygdala. The explicit logic of this approach holds that the
mechanisms by which stress disrupts plasticity in these brain
regions is relevant for understanding how stress contributes to
the pathophysiology of psychiatric disorders. In combination
with knowledge about transmitter pathways, the approach is
well suited to the discovery of pharmacological agents that
reverse stress effects, by studying plasticity after stress
The validity of this model is supported by observations
from rodent experiments showing that plasticity in the
pathway interacts with stress in a manner that inﬂuences
1173The H-PFC pathwaybehavior. For example, extinction training potentiated the
H-PFC pathway and disruption of this potentiation pre-
vented the recall of extinction memory (Garcia et al.,
2008). These disruptions of plasticity and behavior were
induced either by electrical stimulation of the pathway
after extinction, or with exposure to chronic mild stress.
Similarly, early exposure to stress (at three weeks after
birth) prevented extinction-induced potentiation in the
pathway in adult animals, while administration of the
partial NMDA receptor agonist D-cycloserine near the time
of extinction ameliorated the stress-induced disruption in
potentiation (Judo et al., 2010). Together, these observa-
tions suggest LTP-like responses in the H-PFC pathway are
associated with fear extinction, and that stress disrupts this
plasticity.
Our research has employed behavioral, biochemical, and
in vivo electrophysiological techniques to study the H-PFC
pathway. Acute behavioral stress disrupted the induction of LTP
in the H-PFC pathway in anesthetized rats, and this effect wasFigure 4 Stress disrupts neural plasticity in the H-PFC pathway.
(B) Exposure to elevated platform stress disrupts the subsequent
pathway. Neuronal plasticity was evoked by high-frequency tetan
potentials were recorded in the prelimbic cortex in an anesthetized
tetanus period. Adapted from Rocher et al. (2004). (C) The H-PFC pa
from the ventral CA1 region of the hippocampus/subiculum (lower
Drawings provided by A.E. Fink.
Figure 3 Diagram representing the interconnectivity of the
corticolimbic network and its downstream effectors linked to
amygdala output. Stress is hypothesized to dysregulate the
normal functions of the system. Because the amygdala and
hippocampus are known to be involved in emotional and
contextual memory processing, stress likely contributes to the
dysregulation of these functions.reversed by treatment with antidepressants (Qi et al., 2009;
Rocher et al., 2004) and with glucocorticoid receptor antago-
nists (Mailliet et al., 2008). The disruption in plasticity was also
reversed by clozapine (Dupin et al., 2006), and this restoration
of plasticity occurred at the dose most effective in restoring
hippocampal-PFC coherence (Sebban et al., 1999). Chronic
stress caused atrophy in mPFC neurons, disrupted LTP in the
pathway, and also disrupted working memory and behavioral
ﬂexibility (Cerqueira et al., 2007). At the molecular level,
acute exposure to elevated platform stress caused region- and
subunit-speciﬁc changes in the phosphorylation of glutamater-
gic receptors (Caudal et al., 2010). Acute stress also down-
regulated the MEK/MAPK signal cascade and BDNF levels, and
both these effects were reversed by antidepressants (Qi et al.,
2009). These ﬁndings implicate the MAPK pathway in the
interaction of stress and depression, as well as antidepressant
effects (Gourley et al., 2008). Together, this proﬁle of ﬁndings
demonstrates the H-PFC pathway is highly sensitive to stress,
an effect consistent with ﬁndings from a number of labs,
namely that the hippocampus, mPFC, and amygdala all play
critical roles in the brain’s stress response (McEwen, 2007).
In the broader context, decades of research suggests that
altered neuromodulatory drive is a key underpinning of
psychiatry disorders. The H-PFC pathway comprises a glu-
tamatergic projection that synapses with both pyramidal
neurons and GABAergic neurons in the PFC (Carr and Sesack,
1996; Gabbott et al., 2002; Jay et al., 1992; Tierney et al.,
2004). Dopamine levels increase in the PFC during working
memory tasks and pharmacological blockade, especially
with D1 antagonists, impairs performance of working mem-
ory (Seamans and Yang, 2004). Similarly, plasticity in H-PFC
pathway is strongly inﬂuenced by dopamine, particularly
through D1 receptors (Gurden et al., 2000, 1999). Dopamine
can have biphasic effects on inhibitory currents in PFC
neurons (Seamans and Yang, 2004) and the activation of D1
receptors in the PFC increases interneuron excitability
(Gorelova et al., 2002). Administration of dopamine to the
PFC also increases hippocampal–prefrontal coherence(A) A rat undergoes the elevated platform stress procedure.
induction of long-term potentiation measured in the H-PFC
ic stimulation of the ventral hippocampus while evoked ﬁeld
rat during a thirty minute baseline period and a 120 min post-
thway in the rat represented as the bundle of neurons extending
brain drawing) to the prelimbic cortex (upper brain drawing).
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probable that normal hippocampal–prefrontal interaction,
and hence PFC function, depends greatly on the interaction
between dopaminergic, glutamatergic, and GABAergic pro-
cesses, which normally serve to balance excitation and
inhibition in the PFC, but can become dysregulated in
psychiatric disorders (Curley and Lewis, 2012; Lewis
et al., 2012).
7. Evidence for hippocampal and prefrontal
pathophysiology in psychiatric disorders
7.1. Schizophrenia
Cognitive impairment is a major cause of disability in
schizophrenia and there is abundant evidence of hippocam-
pal and prefrontal abnormalities in the disease (Barch,
2005). For example, differences in hippocampal volume
measured between monozygotic twins discordant for schi-
zophrenia correlated with prefrontal activation during a
cognitive task that required working memory (Weinberger
et al., 1992). Likewise, recent observations have shown that
structural anomalies in the anterior hippocampus and
cortical thinning in the PFC are associated with symptom
severity (Qiu et al., 2009), and patients with schizophrenia
show decreased white matter integrity in the hippocampus,
PFC, and ACC (Hao et al., 2009), as well as decreased fornix
volume (Zhou et al., 2008). DTI measurements have also
revealed abnormalities in the fornix (Kubicki et al., 2005).
Such fornix alteration has also been linked to exaggerated
self certainty, which is a behavioral tendency exhibited by
some patients with schizophrenia (Buchy et al., 2012).
Furthermore, patients with schizophrenia have shown
aberrant functional coupling between the hippocampus
and mPFC during rest, i.e. in the default network (Zhou
et al., 2008), as well as during working memory (Meyer-
Lindenberg et al., 2005; Wolf et al., 2009). Also, patients
displayed abnormal activation in the hippocampus and
mPFC that correlated with the severity for paranoia
(Goghari et al., 2010). Even healthy carriers of single-
nucleotide polymorphism rs1344706 (a gene dosage-
dependent risk factor for the disease) exhibited alterations
in functional coupling between the dlPFC and the hippo-
campus (Esslinger et al., 2009). Importantly, aberrant
functional coupling between the hippocampus and PFC has
been observed in both ﬁrst-episode patients and persons at
risk for psychosis (Benetti et al., 2009) implying that the
deﬁcits are not a consequence of chronic illness or anti-
psychotic treatment, but instead might indicate vulnerability
to the disease. Together, these irregularities in default network
activity are consistent with the idea that the abnormal
functional interaction between the hippocampus and mPFC
contribute to cognitive impairment in schizophrenia.
Also, it has recently been reported that although many
schizophrenic patients displayed minimal levels of emo-
tional responding to a conditioned fear cue, on average,
responder patients (patients that did acquire fear responses
from conditioning) exhibited larger-magnitude emotional
responses compared to healthy controls. Importantly, these
responder patients displayed normal extinction learning,
but impaired context-dependent recall of extinction (Holtet al., 2009). These results demonstrate that patients with
schizophrenia have deﬁcits in emotional regulation that
likely depend on the functioning of the hippocampus and
mPFC (Kalisch et al., 2006; Milad et al., 2007). Such
dysregulation could contribute to delusions and psychosis.
Indeed, hippocampal hyperactivity appears to have a role in
the pathophysiology of schizophrenia (Bast, 2011; Lodge and
Grace, 2011), whereby hippocampal hyperactivity might
lead to aberrant synaptic integration and dopaminergic
dysfunction in the NA, which in turn inﬂuences the PFC
function.
Finally, good evidence demonstrates that patients with
schizophrenia display abnormal neural oscillations and syn-
chrony, and these disruptions might be central to the patho-
physiology of schizophrenia (Uhlhaas and Singer, 2010). For
example, schizophrenic patients displayed aberrant task-
related modulation of theta rhythms in the frontal lobe during
a working memory task (Schmiedt et al., 2005). Animal models
of schizophrenia also link aberrant hippocampal–prefrontal
synchrony to the pathophysiology. In one recent study, rats
exposed to maternal immune activation (MIA) during the
gestation period, which is a neurodevelopmental model of
schizophrenia, displayed decreased theta-coherence between
the hippocampus and mPFC, and this deﬁcit was reversed by
the antipsychotic drug clozapine in a dose-dependent manner
(Dickerson et al., 2012). Also, cannabinoid signaling appears to
be important for coordinating hippocampal–prefrontal coher-
ence in rats (Kucewicz et al., 2011) by inﬂuencing the short-
term temporal dynamics of hippocampal neurons (Robbe et al.,
2006). Because cannabis use is a risk factor for schizophrenia
(Moore et al., 2007), it is tempting to speculate that the
interrelation of cannabis and schizophrenia might be mediated
via the H-PFC pathway.7.2. Major depression
Ample evidence also links major depression with structural
changes and pathophysiology in the hippocampus and PFC.
Patients often display decreased hippocampal volume (Sheline
et al., 1996), as well as abnormal blood ﬂow in the mPFC
(Drevets et al., 1997). Similarly, patients who had experienced
emotional neglect during childhood, and that had either a
smaller hippocampus or PFC volume, have displayed extended
cumulative illness duration (Frodl et al., 2010). Depression has
also been linked to cognitive impairment, including in working
memory (Andrews and Thomson, 2009).
Much research has focused the subgenual anterior cingu-
late (Cg25) because this region has been linked to both the
manifestation and treatment of depression. This area shows
elevated activity during depression and in normal sadness,
as well as decreased activity with treatment responses to a
serotonin reuptake inhibitor and to placebo (Ressler and
Mayberg, 2007) (Figure 2). Signiﬁcantly, chronic deep brain
stimulation centered on white matters ﬁbers near Cg25 has
been shown to be effective in reducing depressive symp-
toms in treatment-resistant patients (Mayberg et al., 2005).
Also, a metanalysis that used functional imaging data to
model the strength of brain connectivity revealed that
antidepressant-responsive patients show differences in
hippocampus–Cg25 connectivity compared with drug non-
responders. Thus, differences in the H-PFC pathway might
Figure 5 Schematic representation describing the conver-
gence of H-PFC pathway pathophysiology in multiple psychiatric
disorders. Schizophrenia, major depression, and PTSD have
diverse symptoms and pathophysiology, yet they appear to
share pathophysiology in the H-PFC pathway, which could
underlie the common symptoms of cognitive impairment and
emotional dysregulation.
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tions (Seminowicz et al., 2004). Finally, owing to an
association with the 50 promoter polymorphism of the
serotonin transporter gene, decreased gray matter volume
in Cg25 might be a risk factor for depression (Pezawas et al.,
2005).
Patients with major depression also have shown increased
resting state functional connectivity between hippocampal
and frontal regions (Goveas et al., 2011). The circuit also
displayed abnormal activation during the processing of
negative-valence stimuli, consistent with the hypothesis
that it is key to negative mood (Sheline et al., 2009).7.3. Post-traumatic stress disorder
Pathological memories stemming from traumatic experi-
ences contribute to debilitating clinical conditions, such as
generalized anxiety disorder, phobia, panic disorder and
post-traumatic stress disorder (PTSD) (McNally, 1997). PTSD
patients often display abnormally small hippocampal, amyg-
dala, and ACC volumes (Karl et al., 2006), while neuroima-
ging data indicate that PTSD patients consistently show
abnormal activity within the hippocampus and mPFC during
fear-relevant tasks (Hartley and Phelps, 2010; Jovanovic and
Ressler, 2010; Liberzon and Sripada, 2008). For example,
PTSD patients displayed decreased activation in the hippo-
campus and mPFC and elevated activation in dACC during
extinction (Milad et al., 2009). These ﬁndings support the
idea that disruption of contextual processing contributes to
the exaggerated emotional responding observed in patients
with anxiety disorders (Liberzon and Sripada, 2008). The
results of a recent longitudinal study (which scanned persons
shortly after trauma and 6–9 months later) show that activity
in the amygdala and mPFC correlated with current symptom
severity, while activational changes occurring in the hippo-
campus and subgenual ACC (sgACC; which is akin to Cg25)across the two scans correlated with recovery (Dickie et al.,
2011). In another longitudinal study using healthy soldiers,
increases in symptoms of stress over time correlated with
weaker changes in functional coupling between the hippo-
campus and the mPFC (Admon et al., 2009). With the
hippocampus and mPFC being implicated in both contextual
processing and fear extinction, it may be that hippocampal–
prefrontal pathway is particularly important for understand-
ing fear relapse after therapy. Indeed, aberrant functioning
in the hippocampus and mPFC may be the culprit for a failure
to recover from trauma (Yehuda and LeDoux, 2007). Finally,
it has recently been reported that men with PTSD show
resting state abnormalities in functional coupling between
the amygdala and the ACC, as well as the amygdala and the
hippocampus (Sripada et al., 2012). To our knowledge,
resting state analysis between the hippocampus and mPFC
in persons with PTSD has not been conducted. Even so, the
existing ﬁndings resemble the results from animals, which
have shown that the amygdala, hippocampus, and mPFC
interact in emotional regulation, and abnormalities in this
system are central to the pathophysiology of PTSD.8. Conclusion
The H-PFC projection is the major monosynaptic input to
the PFC originating in the hippocampal formation. While its
exact functions remain unsettled, data from rodent and
human experiments strongly implicate the pathway in
fundamental cognitive processes (e.g., working memory,
learning) and in contextually-dependent emotional regula-
tion (fear extinction). Patients suffering from schizophrenia,
major depression, and PTSD show cognitive impairment and
emotional dysregulation, just as they show a range of
anatomical and electrophysiological abnormalities in these
regions. From these observations, we contend that disruption
in the H-PFC pathway might be the common element of
pathophysiology in these diverse disorders, and it might
therefore underlie the curious overlap of symptoms among
these otherwise disparate conditions (Figure 5). Because stress
can precipitate psychiatric symptoms, our analysis is consis-
tent with the pathway’s evident susceptibility to stress. It is
also in agreement with the reframing of diseases in terms of
brain circuits, and not merely by their symptoms.
One implication of this analysis is that the H-PFC pathway
is an important therapeutic target. Encouragingly, many
investigators world-wide are adopting the emphasis of
circuit-based classiﬁcation of psychiatric problems. For
example, dysfunctional coupling in H-PFC and thalamo-PFC
pathways are major targets for IMI-Newmeds (a European Union
initiative comprised of academic and industrial partners),
which is developing circuit-based analysis of drug discovery
(Hughes, 2009).
Our viewpoint also provides a framework for reconsider-
ing disputes in the interpretation of existing data. For
example, 22q11.2 is a chromosomal microdeletion that is
associated with a high risk of cognitive impairment and
schizophrenia (Karayiorgou et al., 2010). It’s also likely
that abnormal neural oscillations and synchrony have an
important role in the pathophysiology of schizophrenia
(Uhlhaas and Singer, 2010). Consistent with this view, recent
work with mutant Df(16)A7mice (which models 22q11.2
B.P. Godsil et al.1176deletion) demonstrated the genotype was associated with
cognitive deﬁcits and with an impairment of hippocampal-
PFC coherence (Sigurdsson et al., 2010). Despite these and
other data, the speciﬁcity for the association between
22q11.2 deletion and schizophrenia has recently been
challenged (Baker and Vorstman, 2012). These authors point
out that many persons with the 22q11.2 genotype are not
considered schizophrenic, but they do suffer from pro-
nounced cognitive and social deﬁcits, as well as from
emotional dysregulation. Consequently, these authors ques-
tion whether 22q11.2 deletion syndrome has a core neu-
ropsychiatric phenotype. In our view, it might be that the
22q11.2 deletion syndromes, including cases classiﬁed as
schizophrenia, exhibit cognitive impairment, in part,
because the deletion compromises H-PFC pathway function.
Thus, 22q11.2 deletion syndromes and some cases of
schizophrenia have shared pathophysiology in the pathway,
which is one important contributing factor to the overall
proﬁle of symptoms.
The evidence for changes in the H-PFC circuit in major
psychiatric disorders has been reviewed. In essence, we
have argued that pathophysiology within this projection
of neurons may be key for understanding and ultimately
treating several highly debilitating and prevalent psychia-
tric disorders. With a broader view, unlocking the function
of this pathway might inform our understanding of the
ability of context to control emotion and fear. That a single
exposure to a moderate or traumatic stressor can pro-
foundly alter the H-PFC implies that these circuits are
readily plastic and that they are often modiﬁed in the
normal domain of human experience. Indeed, it has been
argued that this pathway might have been crucial for the
evolution for ﬁne-grained, accurate and ﬂexible decision-
making (Kolling et al., 2012; Noakes and Spedding,
2012).With stress causing differential effects on plasticity
and biochemistry in different regions of the corticolimbic
network (Caudal et al., 2010; Lakshminarasimhan and
Chattarji, 2012; Vyas et al., 2002), over extended periods
of exposure stress might alter the sets points of these
pathways. City dwelling affects amygdala and pregenual
ACC activity (Lederbogen et al., 2011), and stressors
associated with city living have a marked effect on the
incidence of schizophrenia, anxiety disorders, and mood
disorders (Kirkbride et al., 2012; Peen et al., 2010). With
the bombardment of stressors that exist in the world the
proper regulation of emotion by context is relevant to the
very material of societies. Loss of contextual control over
amygdala output over long time periods via H-PFC dysfunc-
tion might be a central element for the complex symptoms
of psychiatric disorders.Role of funding source
Funding for this article was provided by Grants from Institut
National de la Sante et de la Recherche M edicale (INSERM), France,
the Institut de Recherche, Servier (IRS), France, and from the
European Union’s Innovative Medicines Initiative (IMI-Newmeds). M.
Spedding and J.P. Kiss are employed by the Institut de Recherche,
Servier, which partially funded this study. Otherwise, the funding
source was not involved with the writing of this review or with the
decision to submit the article.Contributors
All authors were involved with the literature search and writing of
this review manuscript. All authors have approved the ﬁnal
manuscript.
Conﬂict of interest
The authors declare that over the past 3 years, the research of B.P.
Godsil, including salary, has been supported by Grants from INSERM,
IRS, and IMI-Newmeds. T.M. Jay is employed by INSERM, and her
research has been supported by Grants from INSERM, IRS and IMI-
Newmeds. J.P. Kiss and M. Spedding are the employees of IRS and
Les Laboratoires Servier, which is afﬁliated with the IMI-NewMeds
initiative. Otherwise, the authors listed on the manuscript declare
no potential conﬂicts of interest.
Acknowledgments
We would like to acknowledge and thank Dr. A.E. Fink for drawing
the illustrations in Figures 1 and 3. We would like to thank Drs. C.K.
Cain and M.J. Sanders for their helpful comments on the manu-
script. B.G. was supported by fellowships from INSERM, as well as
ﬁnancial support from IRS, Servier Company. This work was partially
funded by Grants from INSERM, IRS, and NEWMEDS. The NEWMEDS
project has been funded by the Innovative Medicines Initiative Joint
Undertaking (IMI) under Grant Agreement N_115008 (NEWMEDS). IMI
is a public–private partnership between the European Union and the
European Federation of Pharmaceutical Industries and Associations.
References
Adhikari, A., Topiwala, M.A., Gordon, J.A., 2010. Synchronized
activity between the ventral hippocampus and the medial
prefrontal cortex during anxiety. Neuron 65, 257–269.
Adhikari, A., Topiwala, M.A., Gordon, J.A., 2011. Single units in the
medial prefrontal cortex with anxiety-related ﬁring patterns are
preferentially inﬂuenced by ventral hippocampal activity. Neuron
71, 898–910.
Admon, R., Lubin, G., Stern, O., Rosenberg, K., Sela, L., Ben-Ami, H.,
Hendler, T., 2009. Human vulnerability to stress depends on
amygdala’s predisposition and hippocampal plasticity. Proc. Natl.
Acad. Sci. USA 106, 14120–14125.
Anderson, K.L., Rajagovindan, R., Ghacibeh, G.A., Meador, K.J.,
Ding, M., 2010. Theta oscillations mediate interaction between
prefrontal cortex and medial temporal lobe in human memory.
Cereb. Cortex 20, 1604–1612.
Andrews, P.W., Thomson Jr., J.A., 2009. The bright side of being
blue: depression as an adaptation for analyzing complex pro-
blems. Psychol. Rev. 116, 620–654.
Artigas, F., 2010. The prefrontal cortex: a target for antipsychotic
drugs. Acta Psychiatr. Scand. 121, 11–21.
Baker, K., Vorstman, J.A., 2012. Is there a core neuropsychiatric
phenotype in 22q11.2 deletion syndrome? Curr. Opin. Neurol.
25, 131–137.
Barbas, H., Blatt, G.J., 1995. Topographically speciﬁc hippocampal
projections target functionally distinct prefrontal areas in the
rhesus monkey. Hippocampus 5, 511–533.
Barch, D.M., 2005. The cognitive neuroscience of schizophrenia.
Annu. Rev. Clin. Psychol. 1, 321–353.
Barker, G.R., Warburton, E.C., 2011. When is the hippocampus
involved in recognition memory? J. Neurosci. 31, 10721–10731.
Bast, T., 2011. The hippocampal learning-behavior translation and
the functional signiﬁcance of hippocampal dysfunction in schi-
zophrenia. Curr. Opin. Neurobiol. 21, 492–501.
1177The H-PFC pathwayBelujon, P., Grace, A.A., 2011. Hippocampus, amygdala, and stress:
interacting systems that affect susceptibility to addiction. Ann.
N. Y. Acad. Sci. 1216, 114–121.
Benchenane, K., Peyrache, A., Khamassi, M., Tierney, P.L., Gioanni,
Y., Battaglia, F.P., Wiener, S.I., 2010. Coherent theta oscillations
and reorganization of spike timing in the hippocampal–
prefrontal network upon learning. Neuron 66, 921–936.
Benetti, S., Mechelli, A., Picchioni, M., Broome, M., Williams, S.,
McGuire, P., 2009. Functional integration between the posterior
hippocampus and prefrontal cortex is impaired in both ﬁrst
episode schizophrenia and the at risk mental state. Brain 132,
2426–2436.
Bouton, M.E., Westbrook, R.F., Corcoran, K.A., Maren, S., 2006.
Contextual and temporal modulation of extinction: behavioral
and biological mechanisms. Biol. Psychiatry 60, 352–360.
Braga, R.J., Mendlowicz, M.V., Marrocos, R.P., Figueira, I.L., 2005.
Anxiety disorders in outpatients with schizophrenia: prevalence
and impact on the subjective quality of life. J. Psychiatr. Res.
39, 409–414.
Brown, E.C., Tas, C., Bru¨ne, M., 2012. Potential therapeutic
avenues to tackle social cognition problems in schizophrenia.
Expert Rev. Neurotherapeutics 12, 71–81.
Buchy, L., Luck, D., Czechowska, Y., Malla, A., Joober, R., Lepage, M.,
2012. Diffusion tensor imaging tractography of the fornix and
belief conﬁdence in ﬁrst-episode psychosis. Schizophr. Res. 137,
80–84.
Buckner, R.L., Andrews-Hanna, J.R., Schacter, D.L., 2008. The
brain’s default network: anatomy, function, and relevance to
disease. Ann. N. Y. Acad. Sci. 1124, 1–38.
Burette, F., Jay, T.M., Laroche, S., 1997. Reversal of LTP in the
hippocampal afferent ﬁber system to the prefrontal cortex
in vivo with low-frequency patterns of stimulation that do not
produce LTD. J. Neurophysiol. 78, 1155–1160.
Burgos-Robles, A., Vidal-Gonzalez, I., Quirk, G.J., 2009. Sustained
conditioned responses in prelimbic prefrontal neurons are
correlated with fear expression and extinction failure. J.
Neurosci. 29, 8474–8482.
Burton, B.G., Hok, V., Save, E., Poucet, B., 2009. Lesion of the
ventral and intermediate hippocampus abolishes anticipatory
activity in the medial prefrontal cortex of the rat. Behav. Brain
Res. 199, 222–234.
Carr, D.B., Sesack, S.R., 1996. Hippocampal afferents to the rat
prefrontal cortex: synaptic targets and relation to dopamine
terminals. J. Comp. Neurol. 369, 1–15.
Caudal, D., Godsil, B.P., Mailliet, F., Bergerot, D., Jay, T.M., 2010.
Acute stress induces contrasting changes in AMPA receptor
subunit phosphorylation within the prefrontal cortex, amygdala
and hippocampus. PLoS One 5, e15282.
Cavada, C., Company, T., Tejedor, J., Cruz-Rizzolo, R.J., Reinoso-
Suarez, F., 2000. The anatomical connections of the macaque
monkey orbitofrontal cortex. Rev. Cereb. Cortex 10, 220–242.
Celada, P., Puig, M.V., Diaz-Mataix, L., Artigas, F., 2008. The
hallucinogen DOI reduces low-frequency oscillations in rat
prefrontal cortex: reversal by antipsychotic drugs. Biol. Psy-
chiatry 64, 392–400.
Cenquizca, L.A., Swanson, L.W., 2007. Spatial organization of direct
hippocampal ﬁeld CA1 axonal projections to the rest of the
cerebral cortex. Brain Res. Rev. 56, 1–26.
Cerqueira, J.J., Mailliet, F., Almeida, O.F., Jay, T.M., Sousa, N.,
2007. The prefrontal cortex as a key target of the maladaptive
response to stress. J. Neurosci. 27, 2781–2787.
Conde, F., Maire-Lepoivre, E., Audinat, E., Crepel, F., 1995.
Afferent connections of the medial frontal cortex of the rat.
II. Cortical and subcortical afferents. J. Comp. Neurol. 352,
567–593.
Corcoran, C., Walker, E., Huot, R., Mittal, V., Tessner, K., Kestler, L.,
Malaspina, D., 2003. The stress cascade and schizophrenia:
etiology and onset. Schizophr. Bull. 29, 671–692.Corcoran, K.A., Quirk, G.J., 2007a. Activity in prelimbic cortex is
necessary for the expression of learned, but not innate, fears. J.
Neurosci. 27, 840–844.
Corcoran, K.A., Quirk, G.J., 2007b. Recalling safety: cooperative
functions of the ventromedial prefrontal cortex and the hippo-
campus in extinction. CNS Spectrums 12, 200–206.
Croxson, P.L., Johansen-Berg, H., Behrens, T.E., Robson, M.D.,
Pinsk, M.A., Gross, C.G., Richter, W., Richter, M.C., Kastner,
S., Rushworth, M.F., 2005. Quantitative investigation of connec-
tions of the prefrontal cortex in the human and macaque
using probabilistic diffusion tractography. J. Neurosci. 25,
8854–8866.
Curley, A.A., Lewis, D.A., 2012. Cortical basket cell dysfunction in
schizophrenia. J. Physiol. 590, 715–724.
Degenetais, E., Thierry, A.M., Glowinski, J., Gioanni, Y., 2003.
Synaptic inﬂuence of hippocampus on pyramidal cells of the rat
prefrontal cortex: an in vivo intracellular recording study.
Cereb. Cortex 13, 782–792.
Dickerson, D.D., Restieaux, A.M., Bilkey, D.K., 2012. Clozapine
administration ameliorates disrupted long-range synchrony in a
neurodevelopmental animal model of schizophrenia. Schizophr.
Res. 135, 112–115.
Dickie, E.W., Brunet, A., Akerib, V., Armony, J.L., 2011. Neural
correlates of recovery from post-traumatic stress disorder: a
longitudinal fMRI investigation of memory encoding. Neuropsy-
chologia 49, 1771–1778.
Drevets, W.C., Price, J.L., Simpson Jr., J.R., Todd, R.D., Reich, T.,
Vannier, M., Raichle, M.E., 1997. Subgenual prefrontal cortex
abnormalities in mood disorders. Nature 386, 824–827.
Dupin, N., Mailliet, F., Rocher, C., Kessal, K., Spedding, M., Jay, T.M.,
2006. Common efﬁcacy of psychotropic drugs in restoring stress-
induced impairment of prefrontal plasticity. Neurotox. Res. 10,
193–198.
Elvevag, B., Goldberg, T.E., 2000. Cognitive impairment in schizo-
phrenia is the core of the disorder. Crit. Rev. Neurobiol. 14,
1–21.
Engel, A.K., Fries, P., Konig, P., Brecht, M., Singer, W., 1999.
Temporal binding, binocular rivalry, and consciousness. Con-
scious. Cogn. 8, 128–151.
Esslinger, C., Walter, H., Kirsch, P., Erk, S., Schnell, K., Arnold, C.,
Haddad, L., Mier, D., Opitz von Boberfeld, C., Raab, K., Witt, S.H.,
Rietschel, M., Cichon, S., Meyer-Lindenberg, A., 2009. Neural
mechanisms of a genome-wide supported psychosis variant.
Science 324, 605.
Falls, W.A., Miserendino, M.J., Davis, M., 1992. Extinction of fear-
potentiated startle: blockade by infusion of an NMDA antagonist
into the amygdala. J. Neurosci. 12, 854–863.
Fanselow, M.S., 2000. Contextual fear, gestalt memories, and the
hippocampus. Behav. Brain Res. 110, 73–81.
Fanselow, M.S., Dong, H.W., 2010. Are the dorsal and ventral
hippocampus functionally distinct structures? Neuron 65, 7–19.
Fanselow, M.S., Poulos, A.M., 2005. The neuroscience of mamma-
lian associative learning. Annu. Rev. Psychol. 56, 207–234.
Floresco, S.B., Seamans, J.K., Phillips, A.G., 1997. Selective roles
for hippocampal, prefrontal cortical, and ventral striatal circuits
in radial-arm maze tasks with or without a delay. J. Neurosci.
17, 1880–1890.
French, S.J., Totterdell, S., 2002. Hippocampal and prefrontal
cortical inputs monosynaptically converge with individual pro-
jection neurons of the nucleus accumbens. J. Comp. Neurol.
446, 151–165.
Frodl, T., Reinhold, E., Koutsouleris, N., Reiser, M., Meisenzahl, E.M.,
2010. Interaction of childhood stress with hippocampus and
prefrontal cortex volume reduction in major depression. J.
Psychiatr. Res. 44, 799–807.
Fujisawa, S., Buzsaki, G., 2011. A 4 Hz oscillation adaptively
synchronizes prefrontal, VTA, and hippocampal activities. Neu-
ron 72, 153–165.
B.P. Godsil et al.1178Gabbott, P., Headlam, A., Busby, S., 2002. Morphological evidence
that CA1 hippocampal afferents monosynaptically innervate PV-
containing neurons and NADPH-diaphorase reactive cells in the
medial prefrontal cortex (Areas 25/32) of the rat. Brain Res.
946, 314–322.
Garcia, R., Spennato, G., Nilsson-Todd, L., Moreau, J.L., Deschaux, O.,
2008. Hippocampal low-frequency stimulation and chronic mild
stress similarly disrupt fear extinction memory in rats. Neurobiol.
Learn. Mem. 89, 560–566.
Ghods-Shariﬁ, S., St Onge, J.R., Floresco, S.B., 2009. Fundamental
contribution by the basolateral amygdala to different forms of
decision making. J. Neurosci. 29, 5251–5259.
Goghari, V.M., Sponheim, S.R., MacDonald 3rd, A.W., 2010. The
functional neuroanatomy of symptom dimensions in schizophrenia:
a qualitative and quantitative review of a persistent question.
Neurosci. Biobehav. Rev. 34, 468–486.
Goldman-Rakic, P.S., 1995. Architecture of the prefrontal cortex
and the central executive. Ann. N. Y. Acad. Sci. 769, 71–83.
Goldman-Rakic, P.S., Selemon, L.D., Schwartz, M.L., 1984. Dual
pathways connecting the dorsolateral prefrontal cortex with the
hippocampal formation and parahippocampal cortex in the
rhesus monkey. Neuroscience 12, 719–743.
Gordon, J.A., 2011. Oscillations and hippocampal–prefrontal syn-
chrony. Curr. Opin. Neurobiol. 21, 486–491.
Gorelova, N., Seamans, J.K., Yang, C.R., 2002. Mechanisms of
dopamine activation of fast-spiking interneurons that exert
inhibition in rat prefrontal cortex. J. Neurophysiol. 88,
3150–3166.
Goto, Y., Grace, A.A., 2008a. Dopamine modulation of hippocampal–
prefrontal cortical interaction drives memory-guided behavior.
Cereb. Cortex 18, 1407–1414.
Goto, Y., Grace, A.A., 2008b. Limbic and cortical information proces-
sing in the nucleus accumbens. Trends Neurosci. 31, 552–558.
Gourley, S.L., Wu, F.J., Kiraly, D.D., Ploski, J.E., Kedves, A.T.,
Duman, R.S., Taylor, J.R., 2008. Regionally speciﬁc regulation of
ERK MAP kinase in a model of antidepressant-sensitive chronic
depression. Biol. Psychiatry 63, 353–359.
Goveas, J., Xie, C., Wu, Z., Douglas Ward, B., Li, W., Franczak, M.B.,
Jones, J.L., Antuono, P.G., Yang, Z., Li, S.J., 2011. Neural
correlates of the interactive relationship between memory deﬁcits
and depressive symptoms in nondemented elderly: resting fMRI
study. Behav. Brain Res. 219, 205–212.
Grace, A.A., Floresco, S.B., Goto, Y., Lodge, D.J., 2007. Regulation
of ﬁring of dopaminergic neurons and control of goal-directed
behaviors. Trends Neurosci. 30, 220–227.
Gruber, A.J., Calhoon, G.G., Shusterman, I., Schoenbaum, G.,
Roesch, M.R., O’Donnell, P., 2010. More is less: a disinhibited
prefrontal cortex impairs cognitive ﬂexibility. J. Neurosci. 30,
17102–17110.
Gurden, H., Takita, M., Jay, T.M., 2000. Essential role of D1 but not
D2 receptors in the NMDA receptor-dependent long-term poten-
tiation at hippocampal–prefrontal cortex synapses in vivo. J.
Neurosci. 20, RC106.
Gurden, H., Tassin, J.P., Jay, T.M., 1999. Integrity of the mesocor-
tical dopaminergic system is necessary for complete expression
of in vivo hippocampal–prefrontal cortex long-term potentia-
tion. Neuroscience 94, 1019–1027.
Hao, Y., Yan, Q., Liu, H., Xu, L., Xue, Z., Song, X., Kaneko, Y.,
Jiang, T., Liu, Z., Shan, B., 2009. Schizophrenia patients and
their healthy siblings share disruption of white matter integrity
in the left prefrontal cortex and the hippocampus but not the
anterior cingulate cortex. Schizophr. Res. 114, 128–135.
Hartley, C.A., Phelps, E.A., 2010. Changing fear: the neurocircuitry
of emotion regulation. Neuropsychopharmacology 35, 136–146.
Hayes, J.P., Morey, R.A., Petty, C.M., Seth, S., Smoski, M.J.,
McCarthy, G., Labar, K.S., 2010. Staying cool when things get
hot: emotion regulation modulates neural mechanisms of mem-
ory encoding. Front. Hum. Neurosci. 4, 230.Herry, C., Ciocchi, S., Senn, V., Demmou, L., Muller, C., Luthi, A.,
2008. Switching on and off fear by distinct neuronal circuits.
Nature 454, 600–606.
Herry, C., Ferraguti, F., Singewald, N., Letzkus, J.J., Ehrlich, I.,
Luthi, A., 2010. Neuronal circuits of fear extinction. Eur. J.
Neurosci. 31, 599–612.
Hobin, J.A., Ji, J., Maren, S., 2006. Ventral hippocampal muscimol
disrupts context-speciﬁc fear memory retrieval after extinction
in rats. Hippocampus 16, 174–182.
Holt, D.J., Lebron-Milad, K., Milad, M.R., Rauch, S.L., Pitman, R.K.,
Orr, S.P., Cassidy, B.S., Walsh, J.P., Goff, D.C., 2009. Extinction
memory is impaired in schizophrenia. Biol. Psychiatry 65,
455–463.
Hoover, W.B., Vertes, R.P., 2007. Anatomical analysis of afferent
projections to the medial prefrontal cortex in the rat. Brain
Struct. Funct. 212, 149–179.
Hsieh, L.T., Ekstrom, A.D., Ranganath, C., 2011. Neural oscillations
associated with item and temporal order maintenance in work-
ing memory. J. Neurosci. 31, 10803–10810.
Hughes, B., 2009. Novel consortium to address shortfall in innova-
tive medicines for psychiatric disorders. Nat. Rev. Drug Discov. 8,
523–524.
Hyman, J.M., Ma, L., Balaguer-Ballester, E., Durstewitz, D., Seamans,
J.K., 2012. Contextual encoding by ensembles of medial prefrontal
cortex neurons. Proc. Natl. Acad. Sci. USA 109, 5086–5091.
Insel, T., Cuthbert, B., Garvey, M., Heinssen, R., Pine, D.S., Quinn, K.,
Sanislow, C., Wang, P., 2010. Research domain criteria (RDoC):
toward a new classiﬁcation framework for research on mental
disorders. Am. J. Psychiatry 167, 748–751.
Ishikawa, A., Nakamura, S., 2003. Convergence and interaction of
hippocampal and amygdalar projections within the prefrontal
cortex in the rat. J. Neurosci. 23, 9987–9995.
Ishikawa, A., Nakamura, S., 2006. Ventral hippocampal neurons
project axons simultaneously to the medial prefrontal cortex
and amygdala in the rat. J. Neurophysiol. 96, 2134–2138.
Izaki, Y., Hori, K., Nomura, M., 2000. Disturbance of rat lever-press
learning by hippocampo-prefrontal disconnection. Brain Res.
860, 199–202.
Izaki, Y., Takita, M., Akema, T., 2003. Compatibility of bidirectional
synaptic plasticity on hippocampo-prefrontal cortex pathway in
rats. Neurosci. Lett. 345, 69–71.
Janowsky, J.S., Shimamura, A.P., Squire, L.R., 1989. Source memory
impairment in patients with frontal lobe lesions. Neuropsychologia
27, 1043–1056.
Jay, T.M., Burette, F., Laroche, S., 1995. NMDA receptor-dependent
long-term potentiation in the hippocampal afferent ﬁbre
system to the prefrontal cortex in the rat. Eur. J. Neurosci. 7,
247–250.
Jay, T.M., Thierry, A.M., Wiklund, L., Glowinski, J., 1992. Excitatory
amino acid pathway from the hippocampus to the prefrontal
cortex. Contribution of AMPA receptors in hippocampo-
prefrontal cortex transmission. Eur. J. Neurosci. 4, 1285–1295.
Jay, T.M., Witter, M.P., 1991. Distribution of hippocampal CA1 and
subicular efferents in the prefrontal cortex of the rat studied by
means of anterograde transport of Phaseolus vulgaris-leucoag-
glutinin. J. Comp. Neurol. 313, 574–586.
Ji, J., Maren, S., 2007. Hippocampal involvement in contextual
modulation of fear extinction. Hippocampus 17, 749–758.
Johansen, J.P., Cain, C.K., Ostroff, L.E., LeDoux, J.E., 2011.
Molecular mechanisms of fear learning and memory. Cell 147,
509–524.
Johansen, J.P., Hamanaka, H., Monﬁls, M.H., Behnia, R., Deisseroth, K.,
Blair, H.T., LeDoux, J.E., 2010. Optical activation of lateral amyg-
dala pyramidal cells instructs associative fear learning. Proc. Natl.
Acad. Sci. USA 107, 12692–12697.
Jones, M.W., Wilson, M.A., 2005. Theta rhythms coordinate
hippocampal–prefrontal interactions in a spatial memory task.
PLoS Biol. 3, e402.
1179The H-PFC pathwayJovanovic, T., Ressler, K.J., 2010. How the neurocircuitry and
genetics of fear inhibition may inform our understanding of
PTSD. Am. J. Psychiatry 167, 648–662.
Judo, C., Matsumoto, M., Yamazaki, D., Hiraide, S., Yanagawa, Y.,
Kimura, S., Shimamura, K., Togashi, H., 2010. Early stress
exposure impairs synaptic potentiation in the rat medial pre-
frontal cortex underlying contextual fear extinction. Neu-
roscience 169, 1705–1714.
Kalisch, R., Korenfeld, E., Stephan, K.E., Weiskopf, N., Seymour, B.,
Dolan, R.J., 2006. Context-dependent human extinction mem-
ory is mediated by a ventromedial prefrontal and hippocampal
network. J. Neurosci. 26, 9503–9511.
Karayiorgou, M., Simon, T.J., Gogos, J.A., 2010. 22q11.2 micro-
deletions: linking DNA structural variation to brain dysfunction
and schizophrenia. Nat. Rev. Neurosci. 11, 402–416.
Karl, A., Schaefer, M., Malta, L.S., Dorfel, D., Rohleder, N., Werner, A.,
2006. A meta-analysis of structural brain abnormalities in PTSD.
Neurosci. Biobehav. Rev. 30, 1004–1031.
Kaufman, J., Charney, D., 2000. Comorbidity of mood and anxiety
disorders. Depress. Anxiety 12 (Suppl. 1), 69–76.
Kegeles, L.S., Malone, K.M., Slifstein, M., Ellis, S.P., Xanthopoulos,
E., Keilp, J.G., Campbell, C., Oquendo, M., Van Heertum, R.L.,
Mann, J.J., 2003. Response of cortical metabolic deﬁcits to
serotonergic challenge in familial mood disorders. Am. J.
Psychiatry 160, 76–82.
Kesner, R.P., Churchwell, J.C., 2011. An analysis of rat prefrontal
cortex in mediating executive function. Neurobiol. Learn. Mem.
96, 417–431.
Kirkbride, J.B., Errazuriz, A., Croudace, T.J., Morgan, C., Jackson, D.,
Boydell, J., Murray, R.M., Jones, P.B., 2012. Incidence of schizo-
phrenia and other psychoses in England, 1950–2009: a systematic
review and meta-analyses. PLoS One 7, e31660.
Kiss, T., Hoffmann, W.E., Hajos, M., 2011. Delta oscillation and
short-term plasticity in the rat medial prefrontal cortex:
modelling NMDA hypofunction of schizophrenia. Int. J. Neurop-
sychopharmacol. 14, 29–42.
Knapska, E., Maren, S., 2009. Reciprocal patterns of c-Fos expres-
sion in the medial prefrontal cortex and amygdala after extinc-
tion and renewal of conditioned fear. Learn. Mem. 16, 486–493.
Kolling, N., Behrens, T.E., Mars, R.B., Rushworth, M.F., 2012. Neural
mechanisms of foraging. Science 336, 95–98.
Kubicki, M., Park, H., Westin, C.F., Nestor, P.G., Mulkern, R.V.,
Maier, S.E., Niznikiewicz, M., Connor, E.E., Levitt, J.J., Frumin,
M., Kikinis, R., Jolesz, F.A., McCarley, R.W., Shenton, M.E.,
2005. DTI and MTR abnormalities in schizophrenia: analysis of
white matter integrity. Neuroimage 26, 1109–1118.
Kucewicz, M.T., Tricklebank, M.D., Bogacz, R., Jones, M.W., 2011.
Dysfunctional prefrontal cortical network activity and interac-
tions following cannabinoid receptor activation. J. Neurosci. 31,
15560–15568.
Lakshminarasimhan, H., Chattarji, S., 2012. Stress leads to con-
trasting effects on the levels of brain derived neurotrophic
factor in the hippocampus and amygdala. PLoS One 7, e30481.
Laroche, S., Jay, T.M., Thierry, A.M., 1990. Long-term potentiation
in the prefrontal cortex following stimulation of the hippocam-
pal CA1/subicular region. Neurosci. Lett. 114, 184–190.
Lederbogen, F., Kirsch, P., Haddad, L., Streit, F., Tost, H., Schuch, P.,
Wust, S., Pruessner, J.C., Rietschel, M., Deuschle, M., Meyer-
Lindenberg, A., 2011. City living and urban upbringing affect
neural social stress processing in humans. Nature 474, 498–501.
Lewis, D.A., Curley, A.A., Glausier, J.R., Volk, D.W., 2012. Cortical
parvalbumin interneurons and cognitive dysfunction in schizo-
phrenia. Trends Neurosci. 35, 57–67.
Li, C.S., Sinha, R., 2008. Inhibitory control and emotional stress
regulation: neuroimaging evidence for frontal-limbic dysfunction in
psycho-stimulant addiction. Neurosci. Biobehav. Rev. 32, 581–597.
Liberzon, I., Sripada, C.S., 2008. The functional neuroanatomy of
PTSD: a critical review. Prog. Brain Res. 167, 151–169.Likhtik, E., Popa, D., Apergis-Schoute, J., Fidacaro, G.A., Pare, D.,
2008. Amygdala intercalated neurons are required for expres-
sion of fear extinction. Nature 454, 642–645.
Lim, E.P., Tan, C.H., Jay, T.M., Dawe, G.S., 2010. Locus coeruleus
stimulation and noradrenergic modulation of hippocampo-
prefrontal cortex long-term potentiation. Int. J. Neuropsycho-
pharmacol. 13, 1219–1231.
Liston, C., McEwen, B.S., Casey, B.J., 2009. Psychosocial stress
reversibly disrupts prefrontal processing and attentional con-
trol. Proc. Natl. Acad. Sci. USA 106, 912–917.
Lodge, D.J., Grace, A.A., 2011. Hippocampal dysregulation of
dopamine system function and the pathophysiology of schizo-
phrenia. Trends Pharmacol. Sci. 32, 507–513.
Lopez, J.F., Akil, H., Watson, S.J., 1999. Neural circuits mediating
stress. Biol. Psychiatry 46, 1461–1471.
Mailliet, F., Qi, H., Rocher, C., Spedding, M., Svenningsson, P., Jay,
T.M., 2008. Protection of stress-induced impairment of hippocam-
pal/prefrontal LTP through blockade of glucocorticoid receptors:
implication of MEK signaling. Exp. Neurol. 211, 593–596.
Mantella, R.C., Butters, M.A., Dew, M.A., Mulsant, B.H., Begley, A.E.,
Tracey, B., Shear, M.K., Reynolds 3rd, C.F., Lenze, E.J., 2007.
Cognitive impairment in late-life generalized anxiety disorder. Am.
J. Geriatr. Psychiatry 15, 673–679.
Maren, S., 2001. Neurobiology of Pavlovian fear conditioning. Annu.
Rev. Neurosci. 24, 897–931.
Mayberg, H.S., 1997. Limbic-cortical dysregulation: a proposed
model of depression. J. Neuropsychiatry Clin. Neurosci. 9,
471–481.
Mayberg, H.S., Liotti, M., Brannan, S.K., McGinnis, S., Mahurin, R.K.,
Jerabek, P.A., Silva, J.A., Tekell, J.L., Martin, C.C., Lancaster,
J.L., Fox, P.T., 1999. Reciprocal limbic-cortical function and
negative mood: converging PET ﬁndings in depression and normal
sadness. Am. J. Psychiatry 156, 675–682.
Mayberg, H.S., Lozano, A.M., Voon, V., McNeely, H.E., Seminowicz, D.,
Hamani, C., Schwalb, J.M., Kennedy, S.H., 2005. Deep brain
stimulation for treatment-resistant depression. Neuron 45, 651–660.
McEwen, B.S., 2007. Physiology and neurobiology of stress and
adaptation: central role of the brain. Physiol. Rev. 87, 873–904.
McNally, R.J., 1997. Memory and anxiety disorders. Philos. Trans. R.
Soc. London B Biol. Sci. 352, 1755–1759.
Meyer-Lindenberg, A.S., Olsen, R.K., Kohn, P.D., Brown, T., Egan, M.F.,
Weinberger, D.R., Berman, K.F., 2005. Regionally speciﬁc distur-
bance of dorsolateral prefrontal–hippocampal functional connec-
tivity in schizophrenia. Arch. Gen. Psychiatry 62, 379–386.
Milad, M.R., Pitman, R.K., Ellis, C.B., Gold, A.L., Shin, L.M., Lasko,
N.B., Zeidan, M.A., Handwerger, K., Orr, S.P., Rauch, S.L., 2009.
Neurobiological basis of failure to recall extinction memory in
posttraumatic stress disorder. Biol. Psychiatry 66, 1075–1082.
Milad, M.R., Quirk, G.J., 2002. Neurons in medial prefrontal cortex
signal memory for fear extinction. Nature 420, 70–74.
Milad, M.R., Quirk, G.J., 2012. Fear extinction as a model for
translational neuroscience: ten years of progress. Annu. Rev.
Psychol. 63, 129–151.
Milad, M.R., Wright, C.I., Orr, S.P., Pitman, R.K., Quirk, G.J.,
Rauch, S.L., 2007. Recall of fear extinction in humans activates
the ventromedial prefrontal cortex and hippocampus in concert.
Biol. Psychiatry 62, 446–454.
Mobbs, D., Marchant, J.L., Hassabis, D., Seymour, B., Tan, G., Gray,
M., Petrovic, P., Dolan, R.J., Frith, C.D., 2009. From threat to fear:
the neural organization of defensive fear systems in humans. J.
Neurosci. 29, 12236–12243.
Moore, T.H., Zammit, S., Lingford-Hughes, A., Barnes, T.R., Jones, P.B.,
Burke, M., Lewis, G., 2007. Cannabis use and risk of psychotic or
affective mental health outcomes: a systematic review. Lancet 370,
319–328.
Muller, N.G., Knight, R.T., 2006. The functional neuroanatomy of
working memory: contributions of human brain lesion studies.
Neuroscience 139, 51–58.
B.P. Godsil et al.1180Noakes, T., Spedding, M., 2012. Olympics: run for your life. Nature
487, 295–296.
O’Donnell, P., Grace, A.A., 1995. Synaptic interactions among
excitatory afferents to nucleus accumbens neurons: hippocampal
gating of prefrontal cortical input. J. Neurosci. 15, 3622–3639.
O’Mara, S.M., Sanchez-Vives, M.V., Brotons-Mas, J.R., O’Hare, E.,
2009. Roles for the subiculum in spatial information processing,
memory, motivation and the temporal control of behaviour.
Prog. Neuropsychopharmacol. Biol. Psychiatry 33, 782–790.
Ohashi, S., Matsumoto, M., Togashi, H., Ueno, K., Yoshioka, M.,
2003. The serotonergic modulation of synaptic plasticity in the
rat hippocampo-medial prefrontal cortex pathway. Neurosci.
Lett. 342, 179–182.
Ongur, D., Price, J.L., 2000. The organization of networks within
the orbital and medial prefrontal cortex of rats, monkeys and
humans. Cereb. Cortex 10, 206–219.
Orsini, C.A., Kim, J.H., Knapska, E., Maren, S., 2011. Hippocampal
and prefrontal projections to the Basal amygdala mediate
contextual regulation of fear after extinction. J. Neurosci. 31,
17269–17277.
Parent, M.A., Wang, L., Su, J., Netoff, T., Yuan, L.L., 2010.
Identiﬁcation of the hippocampal input to medial prefrontal
cortex in vitro. Cereb. Cortex 20, 393–403.
Parker, G.J., Stephan, K.E., Barker, G.J., Rowe, J.B., MacManus, D.G.,
Wheeler-Kingshott, C.A., Ciccarelli, O., Passingham, R.E.,
Spinks, R.L., Lemon, R.N., Turner, R., 2002. Initial demonstration
of in vivo tracing of axonal projections in the macaque brain and
comparison with the human brain using diffusion tensor imaging
and fast marching tractography. Neuroimage 15, 797–809.
Peen, J., Schoevers, R.A., Beekman, A.T., Dekker, J., 2010. The
current status of urban–rural differences in psychiatric disor-
ders. Acta Psychiatr. Scand. 121, 84–93.
Pezawas, L., Meyer-Lindenberg, A., Drabant, E.M., Verchinski, B.A.,
Munoz, K.E., Kolachana, B.S., Egan, M.F., Mattay, V.S., Hariri, A.R.,
Weinberger, D.R., 2005. 5-HTTLPR polymorphism impacts human
cingulate-amygdala interactions: a genetic susceptibility mechan-
ism for depression. Nat. Neurosci. 8, 828–834.
Pittenger, C., Duman, R.S., 2008. Stress, depression, and neuro-
plasticity: a convergence of mechanisms. Neuropsychopharma-
cology 33, 88–109.
Porter, R.J., Gallagher, P., Thompson, J.M., Young, A.H., 2003.
Neurocognitive impairment in drug-free patients with major
depressive disorder. Br. J. Psychiatry 182, 214–220.
Qi, H., Mailliet, F., Spedding, M., Rocher, C., Zhang, X., Delagrange, P.,
McEwen, B., Jay, T.M., Svenningsson, P., 2009. Antidepressants
reverse the attenuation of the neurotrophic MEK/MAPK cascade in
frontal cortex by elevated platform stress; reversal of effects on
LTP is associated with GluA1 phosphorylation. Neuropharmacology
56, 37–46.
Qiu, A., Tuan, T.A., Woon, P.S., Abdul-Rahman, M.F., Graham, S.,
Sim, K., 2009. Hippocampal-cortical structural connectivity
disruptions in schizophrenia: an integrated perspective from
hippocampal shape, cortical thickness, and integrity of white
matter bundles. Neuroimage 52, 1181–1189.
Rasetti, R., Sambataro, F., Chen, Q., Callicott, J.H., Mattay, V.S.,
Weinberger, D.R., 2011. Altered cortical network dynamics: a
potential intermediate phenotype for schizophrenia and associa-
tion with ZNF804A. Arch. Gen. Psychiatry 68, 1207–1217.
Ressler, K.J., Mayberg, H.S., 2007. Targeting abnormal neural
circuits in mood and anxiety disorders: from the laboratory to
the clinic. Nat. Neurosci. 10, 1116–1124.
Richter-Levin, G., Maroun, M., 2010. Stress and amygdala suppres-
sion of metaplasticity in the medial prefrontal cortex. Cereb.
Cortex 20, 2433–2441.
Robbe, D., Montgomery, S.M., Thome, A., Rueda-Orozco, P.E.,
McNaughton, B.L., Buzsaki, G., 2006. Cannabinoids reveal
importance of spike timing coordination in hippocampal func-
tion. Nat. Neurosci. 9, 1526–1533.Rocher, C., Spedding, M., Munoz, C., Jay, T.M., 2004. Acute stress-
induced changes in hippocampal/prefrontal circuits in rats:
effects of antidepressants. Cereb. Cortex 14, 224–229.
Romcy-Pereira, R., Pavlides, C., 2004. Distinct modulatory effects
of sleep on the maintenance of hippocampal and medial
prefrontal cortex LTP. Eur. J. Neurosci. 20, 3453–3462.
Sanderson, D.J., Good, M.A., Seeburg, P.H., Sprengel, R., Rawlins, J.N.,
Bannerman, D.M., 2008. The role of the GluR-A (GluR1) AMPA
receptor subunit in learning and memory. Prog. Brain Res. 169,
159–178.
Santana, N., Troyano-Rodriguez, E., Mengod, G., Celada, P.,
Artigas, F., 2011. Activation of thalamocortical networks by
the N-methyl-D-aspartate receptor antagonist phencyclidine:
reversal by clozapine. Biol. Psychiatry 69, 918–927.
Schiller, D., Levy, I., Niv, Y., LeDoux, J.E., Phelps, E.A., 2008. From
fear to safety and back: reversal of fear in the human brain. J.
Neurosci. 28, 11517–11525.
Schmiedt, C., Brand, A., Hildebrandt, H., Basar-Eroglu, C., 2005.
Event-related theta oscillations during working memory tasks in
patients with schizophrenia and healthy controls. Brain Res.
Cogn. Brain Res. 25, 936–947.
Seamans, J.K., Lapish, C.C., Durstewitz, D., 2008. Comparing the
prefrontal cortex of rats and primates: insights from electro-
physiology. Neurotox. Res. 14, 249–262.
Seamans, J.K., Yang, C.R., 2004. The principal features and
mechanisms of dopamine modulation in the prefrontal cortex.
Prog. Neurobiol. 74, 1–58.
Sebban, C., Tesolin-Decros, B., Millan, M.J., Spedding, M., 1999.
Contrasting EEG proﬁles elicited by antipsychotic agents in the
prefrontal cortex of the conscious rat: antagonism of the effects
of clozapine by modaﬁnil. Br. J. Pharmacol. 128, 1055–1063.
Seminowicz, D.A., Mayberg, H.S., McIntosh, A.R., Goldapple, K.,
Kennedy, S., Segal, Z., Raﬁ-Tari, S., 2004. Limbic-frontal
circuitry in major depression: a path modeling metanalysis.
Neuroimage 22, 409–418.
Shamy, J.L., Carpenter, D.M., Fong, S.G., Murray, E.A., Tang, C.Y.,
Hof, P.R., Rapp, P.R., 2011. Alterations of white matter tracts
following neurotoxic hippocampal lesions in macaque monkeys:
a diffusion tensor imaging study. Hippocampus 20, 906–910.
Sheline, Y.I., Barch, D.M., Price, J.L., Rundle, M.M., Vaishnavi, S.N.,
Snyder, A.Z., Mintun, M.A., Wang, S., Coalson, R.S., Raichle, M.E.,
2009. The default mode network and self-referential processes in
depression. Proc. Natl. Acad. Sci. USA 106, 1942–1947.
Sheline, Y.I., Wang, P.W., Gado, M.H., Csernansky, J.G., Vannier, M.W.,
1996. Hippocampal atrophy in recurrent major depression. Proc.
Natl. Acad. Sci. USA 93, 3908–3913.
Shimamura, A.P., Janowsky, J.S., Squire, L.R., 1990. Memory for the
temporal order of events in patients with frontal lobe lesions
and amnesic patients. Neuropsychologia 28, 803–813.
Siapas, A.G., Lubenov, E.V., Wilson, M.A., 2005. Prefrontal phase
locking to hippocampal theta oscillations. Neuron 46, 141–151.
Sigurdsson, T., Stark, K.L., Karayiorgou, M., Gogos, J.A., Gordon, J.A.,
2010. Impaired hippocampal–prefrontal synchrony in a genetic
mouse model of schizophrenia. Nature 464, 763–767.
Singer, W., 1999. Neuronal synchrony: a versatile code for the
deﬁnition of relations? Neuron 24 (49–65), 111–125.
Sotres-Bayon, F., Quirk, G.J., 2010. Prefrontal control of fear: more
than just extinction. Curr. Opin. Neurobiol. 20, 231–235.
Sotres-Bayon, F., Sierra-Mercado, D., Pardilla-Delgado, E., Quirk,
G.J., 2012. Gating of fear in prelimbic cortex by hippocampal
and amygdala inputs. Neuron 76, 804–812.
Spedding, M., Jay, T., Costa e Silva, J., Perret, L., 2005.
A pathophysiological paradigm for the therapy of psychiatric
disease. Nat. Rev. Drug Discov. 4, 467–476.
Sripada, R.K., King, A.P., Garﬁnkel, S.N., Wang, X., Sripada, C.S.,
Welsh, R.C., Liberzon, I., 2012. Altered resting-state amygdala
functional connectivity in men with posttraumatic stress dis-
order. J. Psychiatry Neurosci. 37, 110069.
1181The H-PFC pathwaySt Onge, J.R., Stopper, C.M., Zahm, D.S., Floresco, S.B., 2012.
Separate prefrontal–subcortical circuits mediate different compo-
nents of risk-based decision making. J. Neurosci. 32, 2886–2899.
Stopper, C.M., Floresco, S.B., 2011. Contributions of the nucleus
accumbens and its subregions to different aspects of risk-based
decision making. Cogn. Affect. Behav. Neurosci. 11, 97–112.
Swanson, L.W., 1981. A direct projection from Ammon’s horn to
prefrontal cortex in the rat. Brain Res. 217, 150–154.
Takashima, A., Petersson, K.M., Rutters, F., Tendolkar, I., Jensen, O.,
Zwarts, M.J., McNaughton, B.L., Fernandez, G., 2006. Declarative
memory consolidation in humans: a prospective functional mag-
netic resonance imaging study. Proc. Natl. Acad. Sci. USA 103,
756–761.
Takita, M., Izaki, Y., Jay, T.M., Kaneko, H., Suzuki, S.S., 1999. Induction
of stable long-term depression in vivo in the hippocampal–
prefrontal cortex pathway. Eur. J. Neurosci. 11, 4145–4148.
Tierney, P.L., Degenetais, E., Thierry, A.M., Glowinski, J., Gioanni,
Y., 2004. Inﬂuence of the hippocampus on interneurons of the
rat prefrontal cortex. Eur. J. Neurosci. 20, 514–524.
Uhlhaas, P.J., Singer, W., 2010. Abnormal neural oscillations and
synchrony in schizophrenia. Nat. Rev. Neurosci. 11, 100–113.
Uylings, H.B., Groenewegen, H.J., Kolb, B., 2003. Do rats have a
prefrontal cortex? Behav. Brain Res. 146, 3–17.
Verwer, R.W., Meijer, R.J., Van Uum, H.F., Witter, M.P., 1997. Collateral
projections from the rat hippocampal formation to the lateral and
medial prefrontal cortex. Hippocampus 7, 397–402.
Vidal-Gonzalez, I., Vidal-Gonzalez, B., Rauch, S.L., Quirk, G.J.,
2006. Microstimulation reveals opposing inﬂuences of prelimbic
and infralimbic cortex on the expression of conditioned fear.
Learn. Mem. 13, 728–733.
Vyas, A., Mitra, R., Shankaranarayana Rao, B.S., Chattarji, S., 2002.
Chronic stress induces contrasting patterns of dendriticremodeling in hippocampal and amygdaloid neurons. J. Neu-
rosci. 22, 6810–6818.
Wallis, J.D., 2011. Cross-species studies of orbitofrontal cortex and
value-based decision-making. Nat. Neurosci 15, 13–19.
Wang, L., Yuan, L.L., 2009. Activation of M2 muscarinic receptors
leads to sustained suppression of hippocampal transmission in
the medial prefrontal cortex. J. Physiol. 587, 5139–5147.
Weinberger, D.R., Berman, K.F., Suddath, R., Torrey, E.F., 1992.
Evidence of dysfunction of a prefrontal-limbic network in
schizophrenia: a magnetic resonance imaging and regional
cerebral blood ﬂow study of discordant monozygotic twins.
Am. J. Psychiatry 149, 890–897.
Wolf, R.C., Vasic, N., Sambataro, F., Hose, A., Frasch, K., Schmid, M.,
Walter, H., 2009. Temporally anticorrelated brain networks during
working memory performance reveal aberrant prefrontal and
hippocampal connectivity in patients with schizophrenia. Prog.
Neuropsychopharmacol. Biol. Psychiatry 33, 1464–1473.
Yehuda, R., LeDoux, J., 2007. Response variation following trauma:
a translational neuroscience approach to understanding PTSD.
Neuron 56, 19–32.
Yuen, E.Y., Liu, W., Karatsoreos, I.N., Feng, J., McEwen, B.S., Yan, Z.,
2009. Acute stress enhances glutamatergic transmission in pre-
frontal cortex and facilitates working memory. Proc. Natl. Acad.
Sci. USA 106, 14075–14079.
Zhong, Y.M., Yukie, M., Rockland, K.S., 2006. Distinctive morphol-
ogy of hippocampal CA1 terminations in orbital and medial
frontal cortex in macaque monkeys. Exp. Brain Res. 169,
549–553.
Zhou, Y., Shu, N., Liu, Y., Song, M., Hao, Y., Liu, H., Yu, C., Liu, Z.,
Jiang, T., 2008. Altered resting-state functional connectivity and
anatomical connectivity of hippocampus in schizophrenia. Schi-
zophr. Res. 100, 120–132.
